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approach, a clip is placed at the neck of the aneurysmal sac under rigid endoscopic guidance. Endoscopy is used to inspect the lesion before clipping, to perform clipping itself, and to assess proper placement of the clip around the neck of the sac to be isolated. However, rigid endoscopy has inherent limitations and may not provide the most comprehensive approach to aneurysm clipping.
The endoscope provides the topographic relationship of the aneurysm to the parent, branching, and perforating vessels, and to adjacent structures before clipping. For postclipping evaluation, the endoscope is used to assess clip position, to confirm the completeness of aneurysm obliteration, and to preclude the occlusion or constriction of parent, branching, or perforating vessels. As Fischer et al. indicated [2] , the visual inspection of the surrounding critical structure is vitally important to ensure the safety of the procedure, as well as to minimize the risk of future rupturing. The rigid endoscope does not enable inspection around or behind aneurysms without displacing neurovascular structures. Some aneurysms are not amenable to clipping because of their location and the lack of a method for complete inspection [3] . Therefore, there exists a need to provide physicians with endoscopes that not only offer a wider view angle and viewing direction, but also hold their rigidity during clipping operations.
A potential solution to increasing the viewing capacities of the endoscope is to house a flexible endoscope in a multisection robot, in particular a tendon-driven continuum robot. We chose a tendon-driven robot because we believe it is safe for intracranial use. A tendon-driven robot has passive compliance to external collision when tendons are held by appropriate tensions. This feature ensures increased safety for patients in the case of high risk of contact with anatomies. A similar position is proposed by Camarillo et al. [4] , [5] , who described a tendon-driven steerable catheter using a multisection robot. For independent control of multisections, they proposed a linear beam configuration model that transforms beam configuration to tendon displacement including both mechanical and geometrical coupling among multisections in intracardiac catheter operations.
The tendon-driven continuum robot, however, needs to be further refined for applicability to endoscopic support. The current state of the art in control and trajectory planning of the tendon-driven robot assumes that the one bending unit, or section, has constant curvature throughout the multiple sections as the pulling force propagates constantly through sections [6] , [7] .
In reality, a friction force between tendons and their guide structures within a section reduces the propagating pulling force, thus lessening the curvature from the proximal to the distal end of the robot. Limitations in size and material selection prohibit the reduction of this friction force, making it unrealistic to ignore the friction force in control and trajectory planning.
This issue motivated us to incorporate friction in kinematic mapping and to extend control and trajectory planning to develop a flexible neuroendoscope primarily for surgical clipping of intracranial aneurysms, but also applicable for other endoscopic procedures. Specifically, in this paper, we propose the development and assessment of a novel, multisection continuum robot using tendon wires. The proposed robot consists of multiple continuum-bending elements within one section by using a backbone machined monolithically. The kinematic mapping that we developed takes into account the salient features of friction in a tendon wire when we control the curvature of the robot using tension as an input. In a simulation study using this kinematic mapping, the two-section robot at a target scale (outer diameter 1.7 mm and length 60 mm) was tested for producing a variety of tip positions within 50-mm ranges at the 180
• angle view. In the experimental validation, a 10:1 scale prototype was fabricated to assess the feasibility of neuroendoscopic examination. To the best of our knowledge, this approach, which considers the salient features of tendon friction in kinematic mapping by a continuum robot, is original and has not previously been reported in the literature.
II. LITERATURE REVIEW
Improved instrumentation (e.g., endoscopes and catheters) using a continuum robot with multisection articulation has been an area of active interest in clinical and engineering research groups. The first set of prior art in a continuum robot uses a concentric tube [8] , [9] . The concentric-tube robot comprises precurved elastic tubes arranged in a concentric fashion. To control this robot with multisections, these tubes are rotated and translated with respect to one another. Bending moments are built-in as precurved tubes and are transmitted by rotational and translational motion of tubes. The second approach uses a multibackbone robot in push-pull actuation [10] , [11] . Among the multiple backbones, one primary backbone is centrally located and is attached to a base disk and an end disk. The secondary backbones are attached to the end disk and are equidistant from each other. To generate bending moments, the secondary backbones are pushed and pulled against the base disk. These multisection robots have been proposed for application to skull-based surgeries [12] , neuroendoscopes for endoscopic third ventriculostomy and choroid plexus cauterization [13] , single-port surgery [14] , and transurethral surveillance and interventions [15] .
An approach using a backbone with flexible and rigid portions in one tube material has been proposed [16] , [17] . Mapping from the tension in the tendons to the posture has been investigated experimentally in the absence of a tension propagation model in these studies. Here, we propose forward kinematic mapping (FKM) with a tension propagation model to characterize the friction in the tendon-driven robot. We also use the novel approach of separating the wire guides from the backbone to avoid transmitting the axial force to the backbone. These separated wire guides align to the rigid portions in the backbone, and form tandem linear springs that we modeled as pure rotational springs in the tension propagation model.
The tendon-driven robot is also used in combination with a locking mechanism. Zuo et al. proposed a pneumatic locking mechanism with a bellows backbone [18] . The bellows backbone is locked by flexible toothed links located on the outside of the backbone. The robot can actuate the toothed links by pneumatic actuator without magnetic materials. Similarly, Sturges et al. proposed another locking mechanism [19] . Chained beads with a single tendon at the centroid of the robot are utilized to lock the shape of the robot. In this design, the tendon is used to transmit the axial force to the beads and presses the beads to enhance the friction between the beads. We expect that the FKM we propose can also analyze the articulation shape and the locking stability of these types of robots, the FKM can directly map the tension in the tendon at the proximal end to both the posture and the tension distribution in the robot.
Zhang and Simaan proposed elastic modeling with tension in the tendon for steerable electrode arrays [20] . The tension in the single tendon embedded in the continuum elastic body was modeled with a constant friction force. In considering that study, our tension propagation model determines the friction force as a function of the robot posture to improve model accuracy at a large bending angle. Our FKM can also map tension in multiple tendons to the posture. Therefore, we expect that the FKM is useful to improve analysis of the posture of these robots with a continuum elastic body.
A friction model in tendon-driven systems has been proposed for a cable-conduit system, where cables pass through conduits to actuate remote instruments [21] , [22] . These papers proposed a tension transmission model in tendons with a fixed-path routing. The variation of tension due to friction effects is modeled as an exponential function that has similar monotonically reducing or increasing effects to (10) . In considering these papers, our main contribution is to map the tension distribution in tendons to the posture of the tendon-driven continuum robot. To determine the continuum robot posture, we defined a series of linear springs in the routing of tendons and combined the mechanics model of the springs. Our approach provides a simple iterative computation for kinematics of the tendon-driven continuum robot, even when the robot has multiple tendons and multisections. Consequently, we expect that our approach can be integrated to feedback control loops with sensors, and the trajectory can be planned with a simple computational algorithm.
III. MATERIALS AND METHODS

A. Mechanical Design
The continuum robot we propose is composed of a backbone, tendon wires, and wire guides (see Fig. 1 ). The robot has an outer diameter (O.D.) of 1.7 mm and a length of 60 mm and consists of two sections, each with one degree of freedom. The robot has a 0.7-mm-diameter tool channel for imaging fibers. Two groups of three tendon wires run opposite each other through wire guides. The two groups of tendon wires start at the robots proximal extremities and end at the robots midpoint. The other tendon wires start at the robots proximal extremities and end at the distal extremities. The tendon wires are placed 0.65 mm from the centroid of the robot. This length is referred to as the tendons moment arm in Table I . Through differential variation of the tensions in the tendon wires, the tensions are transduced into the bending moment at the wire guides. The bending moment bends the backbone at the distal or proximal section. The backbone is an elastic tube with flexible and rigid portions periodically spaced along its length. The wire guides align with the rigid portions so that bending moments are applied only at the rigid portions. The length of the rigid portions is larger than the length of the wire guides. This feature makes the amount of bending moment transmitted robustly against misalignment between the guides and the rigid portions. The tendon wires between the wire guides pass through a free space without any contact with the wire guides. Therefore, tensions between the adjoining wire guides are not reduced by the friction effect. The flexible portion between two rigid portions and guides is regarded as a constant curvature element (cell) within one section under bending. Each cell has a length of 1 mm and a bending stiffness of 2.0 × 10 −2 N · m/rad including imaging fiber stiffness for endoscopy. As we discuss below, the cells simplify kinematic modeling of both uneven curvatures and frictions.
The backbone and the tendon wires are made of a superelastic nickel-titanium (NiTi) alloy. The backbone is cut into flexures of cells from a plain pipe. The outer diameter of the backbone is 1 mm, and the wall thickness is 0.15 mm. The wire guides are made of stainless steel. The wire guides have eyelets to hold the tendon wires at 0.2 mm diameter. The tendon wires are 0.16-mm-diameter wire ropes with a tension limitation of 5 N. The limitation was determined by Youngs modulus of NiTi at Austenite phase (50 GPa), the distortion tolerance for linear elastic region (0.5%), and the diameter. The structure was designed in SolidWorks, 3-D CAD design software. The bending stiffness of the backbone was calculated by a finiteelement method using ANSYS simulation software, to ensure linear spring constant of the backbone within maximum tip deflections.
Bending two sections independently allows the robot to generate a variety of posture combinations with curvatures at the distal and the proximal sections while maintaining the tip direction.
B. Forward Kinematic Mapping
We formulated the FKM of the robot from the input tension in a tendon wire to the posture of the robot.
The FKM in our study incorporates the piecewise constantcurvature approximation (PCCA) presented in the prior art [6] , [7] , [23] . Likewise, this approximation has been applied to many multisection continuum robots in the medical field [4] , [5] , [8] , [10] because the constant curvature can facilitate analytical frame transformations and additional analysis on topics such as differential kinematics and real-time control [23] . In our study, to perform a more realistic estimation of the tip position and the tension in a tendon wire, we introduced the tension propagation model with friction in tendons into the FKM, incorporating the PCCA. Since friction effects are predominant at large tip angles, the FKM is useful for the performance analysis of large angle-view tasks.
For the configuration parameters of the robot in the FKM, we decomposed the robot into multiple cells, which are units of curvature. By concatenating these cell curvatures, the FKM describes the posture of the robot even if the posture has uneven curvature.
1) Assumptions in Modeling:
To analyze the mapping from the tension in the tendon wires to the curvatures of the cells, we assume the robot functions as a lumped-parameter model consisting of cells with linear springs, as illustrated in Fig. 2 . Each cell has backbone with a linear spring constant for bending pictured in black in Fig. 2 . There is an input of tension in the tendon wire as it is pulled at the proximal end. Bending of the robot follows this tendon actuation because the tendon wire ends at cell n, which is the distal end of the robot, and it applies a bending moment to the cell n.
The following assumptions have been made for this lumpedparameter model.
A1:
The robot does not extend or contract in the longitudinal direction because the wire guides do not transfer axial forces to the backbone. A2: Each cell bends in a circular shape. This assumption was verified in [4] for a tendon-driven continuum robot without a longitudinal contraction.
A3:
The inclined angle between wires and wire guides is small. This assumption is valid when the robot has enough cells to make the bending angles of cells small enough. A4: Eyelets in the wire guide are assumed to be points. The wire is subject to friction forces at every eyelet. Friction forces and normal forces acting on the wires are concentrated forces. The direction of normal forces is a tangential direction of a backbone in each cell. A5: Quasi-static equilibrium is satisfied. Friction forces are equal to maximum static friction forces proportional to the normal force at eyelets. A6: The gravitational force against bending shape is ignored. For a small continuum robot with millimeter size, this assumption was verified in [24] . A7: The bending stiffness of tendons was not taken into consideration. Fig. 3 shows a schematic joint configuration, using a frame convention, of the tendon-driven continuum robot proposed in this paper. We set the frame of each cell in the section of the tendon-driven continuum robot as an individual joint coordinate. These coordinates represent the robot posture. We model a set of cells in the section of the robot as under-actuated joints at each section of the robot.
2) Coordinate Frames:
3) Constitutive Equation:
The first step in the analysis is to formalize a constitutive equation between curvatures and tensions in each cell of the lumped-parameter model. Estimating tension for each cell from input tension at the proximal end follows this analysis. Subsequently, we formulate mapping from tension in the tendon wires at the proximal end to curvatures of all cells in the robot. To map tendon wire tensions at each cell to its curvature, we formulate a constitutive equation for cells in the lumpedparameter model. For this constitutive equation, we analyze the cells bending moment equilibrium considering a propagation of bending moment from the termination point of cell n to the other cells, from the distal side to the proximal side. The l tendon wires for the distal section apply actuation forces T n,1 to T n,l at the termination point in cell n pictured in Fig. 4 . Assuming A2 and A3, the resultant bending moment M n −1 of all tendons in cell n is described as
where d denotes the distance between the eyelet and centroid of the robot. Therefore, by using (1), a constitutive equation for cell n is described as
where κ n denotes the curvature of cell n and s n denotes its length. Equation (2) is a Hookes law with a rotational spring and bending moment. K θ is an effective bending stiffness per one cell (in N · m/rad). This is the equivalent rotational-spring constant, where the cell is fixed on the one end and subjected to the bending moment on the other end. For cell i, which is 1 ≤ i < n and the most distal cell in the proximal section, another tendon wire for the proximal section applies another actuation force T n,l+1 to T n,m . Also, the bending moment M i propagates from cell (i + 1), and friction force f i+1,1 , f i+1,l from the tendon wires for the distal section acts as another bending moment in the lumped-parameter model, as shown in Fig. 4 . Therefore, the bending moment for cell i is described as
By combining (3) with (1), we formalize a relationship between bending moment and tension in multiple tendon wires at cell i as follows:
Therefore, a constitutive equation for cell i is the same equation as (2) . Equation (2) allows one to map the tendon wire tension of each cell to its curvature.
4) Tension Propagation Model:
To map tension in the tendon wire at a proximal end to tension in the tendon wire at each cell, we analyze propagation of tension in the tendon wire with friction force between adjoining cells. Fig. 5 shows this relationship combining bending angles for cells i and (i + 1). In Fig. 5 (a), a single tendon on a shortening side is subjected to tension T i . By using (2), we calculate curvature κ i and bending angle θ i in cell i shown in Fig. 5(b) . The bending angle θ i at cell i is a bending angle of cell i on the frame O i−1 in Fig. 5(a) . Tension T i is decreased by friction force f i+1 at the eyelet between cells i and (i + 1).
Under assumption A4, force equilibrium is described as
Under assumption A5, friction force is proportional to normal force with friction coefficient μ
Under assumption A3, (6) is described by Using (5),
, and (8), and assuming sin(θ i /2) sin(θ i+1 /2), a ratio of tension T i+1 and T i is described explicitly as
The assumption of sin(θ i /2) sin(θ i+1 /2) gives an approximation of the variation ratio of the bending angle of adjoining cells in many situations, when there are enough cells in the robot. Equation (9) allows one to calculate tension T i+1,j by using only the parameters of cell i. By using (2) and (9) alternately, tensions and curvatures for all cells in the robot are calculated.
To extend (9) to multiple-tendon situations, we analyze a robot with an antagonistic pair of tendons, 1 and 2. Fig. 5(C) shows the relationship between tensions and friction forces for a robot with an antagonistic pair of tendons. Tendon 2 is located on the extending side of the robot. In this case, friction force f i+1,2 increases the tension T i,2 . We represent the direction of the friction force in the antagonistic pair of tendons by using the sign function of tendon position d j and resultant moment k d k T i,k for tendon j in cell i. Therefore, the ratio of T i,j and T i+1,j is described as
. (10) Equation (10) evolves the tension in the antagonistic pair of tendons at cell i to tension at cell (i + 1) with bending angles of cell i. Specifically, the sign function in (10) To map the posture of the robot based on the curvatures of all cells, we utilized a homogeneous transformation matrix with the arc parameters in [23] and applied the matrix for the cells. Our approach is completely different from the approach outlined in [23] because the matrix is applied to cells instead of sections. The decomposition into cells allows us to calculate the posture of the robot with uneven curvatures by a simple calculation.
IV. EXPERIMENTAL RESULTS
We conducted series of experiments to assess the ability of the robot to maintain certain visualization angle to assess the cranial aneurysms (hereafter, referred to as angle-view task). In all experiments, we set 180
• as stringent conditions in angleview tasks. The 180
• angle view (i.e., backward visualization) is important to ovserve aneurysms from the blind spot behind the vessels. Moreover, this angle is the most stringent condition to assess performance considering the tension limitation of tendon wire, because the tension in tendon wires for actuation is increased by friction between tendon wires and eyelets at larger bending angles.
First, we collected the friction coefficient between guides and tendon wires, namely constant μ in (10) , to plug the measurement value into the FKM. All our data in these studies were obtained using this friction coefficient. We prepared eyelets and wires as test pieces for measurement.
The second set of experiments simulated the variability of the tip position at the 180
• angle and 45
• angle view. We calculated possible curvature combinations of the two robot sections and their postures by using an FKM that covers the tension limitation of the robot. The third set of experiments involves a physical prototype to validate the postures against the simulations. We developed a 10:1 scale prototype of the two-section robot for validation. By pulling the two tendon wires for the two sections of the prototype, we observed postures in the motion range by maintaining the 180
• angle view. We compared the measured positions of every cell with values predicted by the FKM, as well as a conventional model without the friction effect. Coventional model used a PCCA [4] , [5] , [23] .
The fourth set of experiments measured the posture of the robot with tension control to validate the mapping of tension in tendons to the robot posture by the FKM. We observed the robot posture with a single tendon and an antagonistic pair of tendons, and compared the measured postures to the values predicted by the FKM and PCCA.
The last set of experiments involved 2:1 scale prototype to assess if the miniature tendon-robot can be fabricated and controlled by the FKM-based tension control. An 1:1 scale model, that requires more sophisticated material selection and fabrication is in development at the time of submission of this paper.
A. Friction Coefficient Measurement
We measured the friction coefficient in (10), by preparing two sets of wires and eyelets for measurement. The first set comprised 2:1 scale wires and a test piece with eyelets made with the same machining approach as the robot. The wire ropes consisted of three 0.1-mm-diameter strands of superelastic NiTi. The net diameter of the tendon wire was 0.23 mm. The test pieces were made of stainless steel with a 3.4-mm diameter and 0.3-mmdiameter eyelets. The eyelets were machined by drilling and beveling the edges. The second set comprised wires and wire guides for a 10:1 scale prototype described further in the posture validation section below (see Fig. 9 ). The wire ropes (3423T21, McMaster-Carr) consisted of 7×7 strand cores of clear fluorinated ethylene propylene. Their outer diameter was 0.53 mm. The wire guides were made of acrylonitrile butadiene styrene (ABS) copolymer of 14 mm with 1.0-mm-diameter eyelets. The guides were machined by the rapid-prototyping technology.
The wire threaded the eyelet in the test piece with both edges fixed on the experimental apparatus. The test piece was slanted by manual rotational stage until slipping on the wire. We measured this slip angle and determined the friction coefficient as the tangent of the slip angle.
We performed 18 measurements with the 2:1 scale test pieces and 30 measurements with the 10:1 scale wire guides. The data are summarized as mean ± standard deviation (SD).
The value of the friction coefficient (see Table II ) was determined as 0.31 for use in (10) in the FKM for a performance analysis of the robot. We also used 0.33 as the value of μ for posture validation of the 10:1 scale prototype to generate a prediction of postures and wire pull by the FKM. 
B. Range of Motion in 180 • Angle and as 45 • Angle View
We simulated and analyzed the motion range of the robot at the 180
• angle view, as well as 45
• angle view. The 45
• angle view was chosen as additional condition to primary 180
• angle view, in this part of the study, as the 45
• angle view requires distinctively unique posture of robot in S-shape compared to the 180
• angle view does. The analysis was conducted in mathematica computational software using the FKM with our measured friction coefficient μ. All data presented in this section were obtained using the calculated friction coefficient from the first experiment.
The coordinate system and notation of this analysis are shown in Fig. 6 . We set the bending plane on the XZ plane of the base coordinate system. The robot was grounded mechanically with the proximal end at (0, 0). The tip angle was expressed as the angular displacement of cell 60 based on the base coordinate system Θ 60 . For the local curvature of the robot, the angular displacement of cell i based on cell (i − 1) θ n was used.
We also defined the tip position as a performance metric. We tabulated this metric at maximum, median, and minimal bending of the robot, while maitaing the view angles. The details of the procedure for this analysis are as follows.
As the input of the FKM, we generated possible combinations of the tensions in the tendon wires(T proxL , T distR ) or (T proxR , T distL ) at intervals of 0.1 N. As pretension, there was a minimum value for the tension in the tendon wires of 0.1 N to avoid slack. By employing these combinations of the tensions in tendon wires in the FKM, we computed a corresponding group of postures for the robot. From this group, we selected postures with a tip angle of 180
• and 45
• . • ). Figs. 7 and 8 also show the angular displacement per cell of the two-section robot. From the maximum bending posture, to the minimum, the angular displacement per cell in the distal section decreased, while the angular displacement in the proximal section increased. These angular displacements dislocated the robot tip maintaining the view angles.
In this simulation, we assumed that the critical constraint is the tension limitation in tendons. As the robot with the tool channel is miniaturized, both the outer diameter and the wall thickness of the wire guides decrease. This reduces the diameter of the tendons embedded in the wire guides, as well as the moment arm. The smaller diameter of the tendons with the shorter moment arm presents a challenge in generating the bending moment for articulation. This reduction feature motivated us to simulate the articulation performance with a realistic tension limitation. Our simulation study indicates that the mechanism we propose can perform tip positions at the 180
• angle view under the tension limitation of the tendons.
We simplified the modulus of elasticity of superelastic NiTi with 50 GPa, and used the calculated value for the bending stiffness of the robot. Since the superelastic NiTi tubes have a large variation due to fabrication, the bending stiffness of the robot probably changes after fabrication from this assumption in the simulation. We expect that when the robot is fabricated at the proposed size, the bending stiffness of the robot should be measured and, subsequently, calibrated using the measurement values.
The flexural rigidity of the tendons (or actuation wire ropes) in the robot is smaller than the bending stiffness of cells by at least one order. Therefore, our simulation probably included a position error on the order of 10%. Specifically, we expect the proximal section of the robot to have the maximum error since the proximal section includes six tendons in one cell. We also expect that this contribution of the flexural rigidity of the tendons can be cancelled out by the design of the backbone, where the backbone in the proximal section has a smaller bending stiffness than in the distal section.
C. Posture Validation With Tendon Displacement
To prove the concept of variability of tip position at an angle view using a physical prototype, we developed a 10:1 scale prototype of the two-section robot (see Fig. 9 ), and performed a series of validation study to assess our FKM modeling. The prototype had an outer diameter of 14.6 mm, a length of 208 mm, and comprised two sections actuated manually by four tendon wires. The mechanical specifications of the prototype are listed inTable III. The prototype had a similar mechanical structure to that of a robot we will fabricate. Hinged wire guides made of ABS polymer were stacked with a coil spring as a backbone. The bending stiffness of one cell is 2.7 × 10 −2 N·m/rad, measured after fabrication.
The 10:1 scale prototype was simulated and developed to test different tendon layouts and different numbers of bending sections. The size of the 10:1 scale prototype allows the re- configuration of routing and fixing position of the tendons and numbers of wire guides by manual assembly. We performed all validations with the same prototype. This is helpful to avoid deviations of internal parameters of the prototype among validations with different settings. We also intended to avoid unnecessary disturbances like unpleasant surface finish on the guide structures, while maintaining the scale of the prototype at a size that both machining and capability can handle reliably. A similar approach to prove functionality of the robot bridging the simulation study with the miniature robot and the experimental study with the scaled-up prototype was successful in a study on the steerable electrode array for cochlear implant surgery [25] .
To verify whether the two-section robot could attain a variety of tip positions at a 180
• angle view, we operated the prototype to have three salient postures with different tip heights. Their locations are illustrated in Fig. 10 , where one tendon is terminated on the proximal section and the other on the distal section.
For tendon displacement control, the wire pull was calculated by converting the simulated postures to the length of tendon wires by FKM at these postures. The input wire pull and number of measurements are listed in Table IV . The predicted values were computed by both FKM and PCCA with the same amount of wire pull for the experiment. Further, in this computation we used the same measured values for the bending stiffness, the moment arms, and the length of the bending sections between the two models.
The prototype was placed on a plastic surface with a graph grid. The prototype was actuated manually from an initial (straight) posture to the targeted posture, and the wire pull was measured by a caliper. To measure the posture of the prototype, we acquired a digital still photograph with 0.09-mm-per-pixel resolution by a digital camera (EOS X6i, EF-S18-135 IS STM, Canon Inc.). We extracted the pixel position of the feature at the center of the wire guide for each cell from the photos. To determine the position with a physical metric scale, we converted these pixel position data to the metric ones based on pixel length of a known graph grid. We performed 15 bending trials for the maximum and median tip heights and 20 bending trials for the minimum tip height. We recorded the posture once for every bending trial. The posture data are reported as mean ±95% confidence interval. To determine if there were significant differences in prediction accuracy between the FKM, we proposed and the conventional PCCA, we performed paired t-tests for tipto-tip error (hereafter, referred to as residual distance) of these two predictions for three tip heights. We considered differences to be statistically significant at P < 0.01.
We validated the posture of the two-section prototype at the 180
• angle view [see Fig. 11(a)-(d) ]. The prototype performed a variety of tip heights, keeping tip direction at 180
• , by changing the curvature distribution between two sections. Fig. 11 shows three salient postures of maximum (see Fig. 11 b) , median (see Fig. 11 c) , and minimum (see Fig. 11 d) values of the tip height at the 180
• angle view. Figs. 12-14 show the mean position of each cell and the mean angular displacement per cell at the three tip heights. Error bars in the figures represent the 95% t-based confidence interval for each measurement in Table IV . Predicted values by the FKM (μ = 0.33) and the PCCA are plotted in these figures. The FKM predicted the mean position of each cell better than PCCA for all three tip heights. The mean angular displacement per cell was scattered by around 2
• at all tip heights. Mean values tended to be similar to the FKM-predicted values except for a few cells at the top of each section (i.e., cell numbers 10-15 and 25-30) . These cells at the top of each section tended to have larger angular displacement than predicted values. Fig. 15 compares the residual distance of tip positions between the FKM and the PCCA. Paired t-tests indicated that the FKM predicted the tip position significantly better than the PCCA at all tip heights (P < 0.01).
D. Posture Validation With Tension Input
We performed articulation experiments with tension input to validate the mapping of the tension to the posture of the robot by the FKM. We observed the postures bending from the straight initial posture to the set point, inputting constant tension to tendons of the 10:1 scale prototype. To avoid inessential disturbances from the experimental setup, we tested the simplest configuration of the robot, i.e., one section of the robot with a single tendon or with an antagonistic pair of tendons.
To input constant tension stably, we used the weight of water to apply gravitational forces on tendons. Water bottles were hanged on the ends of tendons via idler pulleys to pull the tendons horizontally. We measured the friction losses from the bottom of the robot to the idler pulleys by using a digital force gage (Series 2 force gauge, Mark-10) on a linear slide stage (ZLW-1040, Igus), and calibrated the weight of water to apply correct target tension to the tendons, compensating for the measured friction losses of the experimental setup.
The one section of the 10:1 scale prototype was positioned with its bending plane aligned horizontally and placed on the flat surface of a polytetrafluoroethylene board. We observed the posture of the robot by using the same experimental setup as for the posture validation with tension displacement input. To identify the posture of the robot, we measured the position of 15 hinges of the robot, and determined the position of fourteen cells by calculating middle points between adjoining hinges. We performed ten bending trials, and recorded the posture once for each bending trial.
The independent variables were tendon layout in the robot and tension in tendons. The tendon layout was set to single tendon embedded on one side (+x direction from the centroid of the robot in Fig. 3 ) or to the antagonistic pair of tendons. The tension for the single-tendon layout was set to 0.51 N. The tensions for the antagonistic pair of tendons were set to 0.99 N for the tendon embedded on the +x direction from the centroid of the robot and 0.48 N for the tendon on the other side. Under these tension settings, the FKM predicted different postures between the single-tendon layout and the antagonistictendon layout, while the PCCA predicted the same posture for both layouts.
The predicted values were computed by both FKM and PCCA with the same tension input as in the experiment. Additionally, in this computation we used the same values for the bending stiffness, the moment arms, and the length of the bending sections between the two models. The measured postures of the robot were compared to the values predicted by the FKM and PCCA. We determined the position error between the measured and predicted values at each cell, and plotted the mean position 
E. Proof-of-Concept 2:1 Scale Model
We developed a 2:1 scale prototype to confirm the feasibility of the FKM in a more miniature scale (see Fig. 18 ). The 2:1 scale prototype has an outer diameter of 3.4 mm and a section length of 60 mm, it comprises two sections. A preliminary experiment with one section was conducted to investigate the tip-to-tip error at a tip angle of 90
• . We found that the error of the FKM was smaller than for the PCCA (0.5 mm by FKM versus 7.6 mm by PCCA). Our visual observation confirms that the prototype, in general, follows the motion model generated by the FKM.
V. DISCUSSIONS AND CONCLUSION
In this study, we proposed a multisection continuum robot to make wide-angle visualization and flexible positioning of the distal tip possible. In the performance analysis by the FKM, the two-section robot can achieve a range of motion suitable for intracranial observation in neuroendoscope while maitaining 180
• angle view and 45
• angle view. Following this performance analysis, we confirmed the salient postures with different tip positions at a 180
• angle view by developing a 10:1 scale prototype. We also experimentally evaluated the posture by tension control, and compared the position error between measured and predicted values by FKM and PCCA. Our results indicate that FKM helps to increase the prediction accuracy for the posture of the robot with both a single-tendon and an antagonistic-tendons layout.
In the posture validation with tension input, FKM tended to predict larger bending angles for a set of cells of the robot than the measured values, though FKM improved prediction accuracy over PCCA. This tendency was predominant in the antagonistic-tendons layout. Therefore, the discrepancy between FKM predicted and measured values probably results from the friction effect at the hinges of the wire guides, which FKM does not consider. Since the hinges of the 10:1 scale prototype contact adjoining hinges with convex and concave structures, a slipping motion of the hinges might produce a larger friction effect than would rolling friction without a slipping motion. The antagonistic-tendons layout pressed the wire guides with larger force than the single-tendon layout and increased this friction effect. We expect that the mechanical design of the hinges to suppress the slipping motion is helpful to reduce this unpleasant friction effect and to develop the robot with suitable control.
The major limitation of surgical clipping is the lack of appropriate visualization to identify sensitive brain tissue and cranial nerves, producing increased morbidity and mortality. It is important to visualize the brain tissue around the aneurysm, especially in the posterior communicating artery, choroidal artery, or one of the distal cerebral arteries, to avoid any damage that can cause loss of neurological and motor functions. This typically requires an endoscope capable of complex maneuvers (such as an S-shape) with multiple sections of bending and varying bending radii and angles. Commercially available fiberbundle neuro-endoscopes are not capable of this functionality. Such a neuroendoscope is expected to enable the surgeon to clearly identify critical anatomy in the brain, access deep-seated aneurysms, and evaluate surgical clip placement.
Our device is not limited for use in neuroendoscopic manipulation but can be extended to other endoscopes. Breedveld and Hirose proposed a six DOF steerable laparoscope using a parallelogram-mechanism to transform the handgrip movements into tip motion [26] . Goldman et al. proposed a telerobotic system for transurethral surveillance and surgical intervention [15] , extending their unique approach of a multibackbone mechanism originally proposed for Thoracoscopy [27] . Finally, Desai et al. extended a commercial robotic catheter (Hansen Medical, Inc. Mountain View, CA, USA), originally developed for endocardial ablation, for arrhythmia, but modified it for use with flexible uretero-renoscopy for high-dexterity control [28] . Our study and these prior arts share the common but unmet clinical needs in endoscopy where clinicians need to direct the endoscope to a specific lesion to maintain the best endoscopic observation for a prolonged time. Our approach, however, differs from others, we can control individual curvature of subsections in the endoscope to form arbitrary shapes of the endoscope, rather than aiming to place the tip of the endoscope to a specific location with no control over the shape of the whole endoscope. It is expected that our approach can provide safer postures of endoscopes by avoiding critical anatomical structures, and its benefit is not limited to neuro-endoscopes.
In summary, we have shown that a two-section continuum robot has the advantage of flexible positioning of the tip at angleview tasks over conventional one-section endoscopes. This feature of the two-section robot can expand use of the endoscope to inspect around or behind aneurysms without displacing neurovascular structures.
